Microsaccades -i.e., small fixational saccades generated in the superior colliculus (SC) -have been linked to spatial attention. While maintaining fixation, voluntary shifts of covert attention toward peripheral targets result in a sequence of attention-aligned and attention-opposing microsaccades. In most previous studies the direction of the voluntary shift is signaled by a spatial cue (e.g., a leftwards pointing arrow) that presents the most informative part of the cue (e.g., the arrowhead) in the to-be attended visual field. Here we directly investigated the influence of cue position and tested the hypothesis that microsaccades align with cue position rather than with the attention shift. In a spatial cueing task, we presented the task-relevant part of a symmetric cue either in the to-be attended visual field or in the opposite field. As a result, microsaccades were still weakly related to the covert attention shift; however, they were strongly related to the position of the cue even if that required a movement opposite to the cued attention shift. Moreover, if microsaccades aligned with cue position, we observed stronger cueing effects on manual response times. Our interpretation of the data is supported by numerical simulations of a computational model of microsaccade generation that is based on SC properties, where we explain our findings by separate attentional mechanisms for cue localization and the cued attention shift. We conclude that during cueing of voluntary attention, microsaccades are related to both -the overt attentional selection of the task-relevant part of the cue stimulus and the subsequent covert attention shift.
Introduction
There is widespread consensus that microsaccades -miniature saccades during fixation -are related to covert shifts of attention (Engbert & Kliegl, 2003; Hafed & Clark, 2002; Hafed, Lovejoy, & Krauzlis, 2013; Yuval-Greenberg, Merriam, & Heeger, 2014) . The microsaccade attention link is commonly investigated in spatial cueing tasks (Posner, 1980) , where participants orient their attentional focus toward a peripheral target location indicated by a cue while maintaining fixation. Participants show a sequence of attention-aligned and attention-opposing microsaccades in response to exogenous (e.g., a peripheral flash) and endogenous cues (e.g., a central arrow) with a time course that directly relates those effects to the distinct dynamics of reflexive (exogenous) and voluntary (endogenous) orienting, respectively (Müller & Rabbitt, 1989; Posner & Cohen, 1984) : With exogenous cues, a movement bias toward the cued location starts within the first 100 ms (i.e., 'attentional capture'; e.g., Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2005) and can be followed by a bias away from the cued location (i.e., 'inhibition of return'; Galfano, Betta, & Turatto, 2004; Rolfs et al., 2005) . In contrast, with endogenous cues, a bias toward the cued location emerges not before 200 ms after cue presentation (Engbert & Kliegl, 2003) .
Biases in microsaccade orientation have been linked to attention-related activities in the superior colliculus (SC) (Engbert, 2012; Hafed, Goffart, & Krauzlis, 2009; Hafed et al., 2013; Rolfs, Kliegl, & Engbert, 2008) . The SC integrates multisensory bottom-up signals with top-down demands and generates motor commands for saccadic movements (Fecteau & Munoz, 2006; Krauzlis, Lovejoy, & Zenon, 2013) . During spatial cueing, neurons of the peripheral SC representing the cued location exhibit a transient activity increase (Fecteau, Bell, & Munoz, 2004; Ignashchenkova, Dicke, Haarmeier, & Thier, 2004) . The resulting asymmetric SC activation was suggested to affect the rostral SC that is involved in the generation of microsaccades (Engbert, 2012; Hafed et al., 2009) . By implementing this coupling mechanism in a computational model of microsaccade generation (Engbert, Mergenthaler, Sinn, & Pikovsky, 2011) , Engbert (2012) was able to predict various effects on microsaccade orientation observed with endogenous and exogenous spatial cues.
Here we argue that a potential confounding factor has been neglected in previous experimental studies on the effect of voluntary covert attention on microsaccades: In these investigations it is common to use spatial cues that are asymmetric by design (e.g., an arrow), where the task-relevant part of the stimulus (e.g., the arrowhead) is located within the visual field to-be-attended (Engbert & Kliegl, 2003; Hafed, Lovejoy, & Krauzlis, 2011; Hafed et al., 2013; Hermens & Walker, 2010; Horowitz, Fine, Fencsik, Yurgenson, & Wolfe, 2007; Laubrock, Engbert, Rolfs, & Kliegl, 2007; Laubrock, Kliegl, Rolfs, & Engbert, 2010; Meyberg, WerkleBergner, Sommer, & Dimigen, 2015; Pastukhov & Braun, 2010; Pastukhov, Vonau, Stonkute, & Braun, 2013) . In such a cue arrangement, microsaccades might be directed toward the task-relevant part of the cue symbol, in addition to or instead of being aligned with the cued attention shift. Importantly, this confounding factor is not restricted to stimuli with inherent asymmetric shapes as in case of arrow cues (Engbert & Kliegl, 2003; Hermens & Walker, 2010; Horowitz et al., 2007; Laubrock et al., 2007 Laubrock et al., , 2010 Meyberg et al., 2015) , but also applies to symmetrically shaped cues as long as only one of several stimulus parts is more informative about the target location Pastukhov & Braun, 2010; Pastukhov et al., 2013) . Examples are the bright arm of a centrally presented fixation cross (Pastukhov & Braun, 2010) or the odd-colored ring among peripherally presented rings, indicating target locations . In fact, encoding the directional information from those unbalanced spatial cues requires a top-down selection mechanism favoring those stimulus parts that are most informative about the target location while ignoring the irrelevant parts. In this situation, spatial cues may drive an additional well-known attentional mechanism commonly investigated in the visual search task in which a target stimulus needs to be extracted among distractor items (Van Velzen & Eimer, 2003) .
In the present study, we investigated whether microsaccades do not only align with the cued direction of the voluntary attention shift, but also (or alternatively) with the location of the cue stimulus -as a second attentional mechanism. Therefore, microsaccades were measured in a spatial cueing task with an endogenous cue arrangement that was visually symmetric (<> or ><) but unbalanced with respect to task-relevance: To independently manipulate the direction of the cued attention shift and the position of the cue, only one side of the stimulus indicated the target location and needed to be selected over the task-irrelevant side. If microsaccades align with the cued attention shift, we expected to observe a movement bias toward the cued target location regardless of the position of the task-relevant cue. Alternatively, if microsaccades align with the position of the cue, a bias toward the cued location would be expected when the task-relevant cue is placed in the to-be-attended visual field, whereas the bias should be reduced or inverted when that cue is placed in the not-to-beattended visual field.
We further related microsaccadic behavior to task-related performance and estimated the effective size of both mechanismcued covert orienting and cue localization -in a recent computational model on microsaccade generation (Engbert, 2012; Engbert et al., 2011) .
Materials and methods

Participants
Participants in the experiment were 32 healthy volunteers. After excluding one participant due to excessive artifacts in the eye tracking signal (data loss >50%), 31 participants remained in the final sample (mean age: 24.7 years, range: 18-36 years, ten males, one left-hander). All participants gave informed consent, had uncorrected normal vision (tested with Bach, 1996) , and received course credits or 8 € per h of testing. This work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Data collection comprised parallel eye movement and EEG recording. Here we only present the eye movement data.
Stimuli and procedure
Participants sat in an electrically and acoustically shielded cabin facing a 22-inch CRT monitor (Iiyama Vision Master Pro 510, 160 Hz, 1024 Â 768 pixel, viewing distance: 60 cm) and performed a spatial cueing task. Stimuli and procedures are depicted in Fig. 1 . All stimuli were presented on a 1/f noise background (37.9 Â 28.4°; omitted in Fig. 1 ) that changed after ten trials each. Low-level image properties such as luminance and frequency spectra were kept constant across noise patterns using the SHINE toolbox (Willenbockel et al., 2010) .
A trial began with the presentation of a small central fixation point (diameter: 0.15°) and two peripheral white squares, serving as placeholders (2 Â 2°, line thickness: 0.37°). Placeholders were positioned in the lower visual field (top of square was 1°below (A) In a spatial cueing task, two central arrowheads of different color (red and blue) appeared. Only one arrow was taskrelevant and signaled the likely location of a target stimulus. The color of the taskrelevant arrow was instructed at the beginning of the experiment. Participants maintained fixation, shifted attention covertly toward the cued target location, and classified the target shape (circle vs. diamond) with a button press. (B) For (informative) congruent cues, the direction of the cued attention shift (e.g., the taskrelevant arrow pointed leftwards) was congruent with the position of the cue (e.g., the arrow appeared left to the fixation point). For (informative) incongruent cues, the cue pointed toward the visual field opposite to cue position. In a neutral cueing condition, the cue was non-informative with respect to the target location. CTI = cue-target interval. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the horizontal meridian) 7°left and right of the fixation point. After 750 ms a central cue stimulus appeared for 100 ms, pointing toward the left or right peripheral square, indicating the target location with 80% validity. The cue consisted of two arrowheads presented to the left and right of fixation (see Fig. 1B ; Kennett, Van Velzen, Eimer, & Driver, 2007; Van Velzen & Eimer, 2003) . In order to orthogonally manipulate cue direction (pointing left vs. right) and cue position (left vs. right of fixation), the arrows in each pair differed in color (red vs. blue; equiluminant with 14.2 cd/m 2 ) and arrangement (<> vs. > <). More specifically, each arrow was either red or blue with one of the colors being designated as task-relevant at the beginning of the experiment. In a condition with congruent cues (< >), the position of the task-relevant arrow was congruent with the pointing direction of the arrow, analogous to previous eye tracking studies (e.g., Engbert & Kliegl, 2003) . In the critical condition of incongruent cues (> <), however, the taskrelevant arrow was placed in the visual field opposite to the target location, requiring a covert attention shift in a direction opposite to the position of the task-relevant arrow. In the neutral cue condition, the top and bottom halves of each arrow were presented in different colors (red and blue, randomly assigned). Hence, this condition was non-informative with respect to the upcoming target location. After a variable cue-target interval (CTI; 1250-1750 ms), the target (a white circle or diamond) was presented for 150 ms in one of the placeholder squares. Participants were instructed to maintain central fixation, but to covertly attend to the cued peripheral location and to respond to the shape of the target as quickly and accurately as possible by pressing one of two response buttons with the left or right index finger. Assignment of the task-relevant cue color (red vs. blue), target symbol (circle vs. diamond), and response hand was counterbalanced across participants.
In this study, two parameter choices were related to the analysis of the concomitant EEG data (data presented elsewhere), but not the present link between microsaccades and attention. First, following previous EEG studies on spatial cueing (e.g., Mangun, 1995; Woldorff et al., 1997 ; see also Halliday, 1982) , the target (and the placeholders for the target) appeared in the lower visual field to optimize the measurement of the target evoked visual EEG response. Importantly, this stimulus placement is irrelevant for the link between microsaccades and visual attention, since microsaccades have been shown to align with the cued target location along the four cardinal and intermediate directions (e.g., Engbert & Kliegl, 2003; Hafed et al., 2011; Pastukhov & Braun, 2010; Pastukhov et al., 2013) . Second, we used a long CTI (mean duration: 1500 ms) to enable EEG analyses also in the frequency domain. With respect to microsaccades, previous studies suggest that the duration of the CTI is not crucial for the microsaccadeattention link. In particular, an alignment of microsaccades with attention has been observed in studies using both, short CTIs (<1000 ms; e.g., Laubrock et al., 2010) and long CTIs (>1000 ms; e.g., Engbert & Kliegl, 2003; Hafed et al., 2011; Laubrock et al., 2005; Meyberg et al., 2015) .
Following 30 practice trials, participants completed 720 test trials. Congruent, incongruent, and neutral cue trials were presented with equal frequencies and randomly intermixed. Thus, two third of all trials were informative with respect to the target location (i.e., the cue pointed left or right).
Eye movement recordings
Eye position data were recorded binocularly using a videobased eye tracker (iView X Hi-Speed 1250, Sensomotoric Instruments GmbH, Teltow, Germany) with a spatial resolution of 0.01°a t a sampling rate of 500 Hz. Head position was stabilized by the forehead and chin rest of the eye tracker. To control the recording quality, we recalibrated the tracker with a standard 9-point calibration after every 40 trials or if eye-position deviated by more than 1°from central fixation during fixation checks performed after every 10 trials.
Microsaccade detection
We excluded trials, in which the participant blinked or did not comply with the fixation instruction (i.e., when eye position deviated more than 2°from central fixation during the CTI). In the remaining trials (M = 87%), microsaccades were detected using an improved version (Engbert & Mergenthaler, 2006) of the saccade detection algorithm proposed by Engbert and Kliegl (2003) . Horizontal and vertical eye positions were transformed into velocity space and samples exceeding a dynamic velocity threshold of 4 SD were classified as microsaccades. In addition, we accepted only those events as microsaccades that showed a temporal overlap in both eyes, had a minimum duration of 6 ms, and a maximal amplitude of 1.5°. Because overshoots in microsaccades can result in the detection of two eye movements in close temporal proximity (Nystrom, Hansen, Andersson, & Hooge, 2016) , we only kept the largest microsaccade if multiple events were detected less than 20 ms apart.
Effects of voluntary covert orienting and cue localization on microsaccade orientation
To test, whether microsaccades link to voluntary covert shifts of attention or whether they are oriented toward the location of the task-relevant cue symbol, we adapted a method previously used to estimate the effect of spatial cueing on microsaccade orientation (Laubrock et al., 2010; Meyberg et al., 2015) . For each subject, we determined the relative frequency of microsaccades in four conditions resulting from the alignment of a microsaccade (movement was aligned with vs. oriented opposite to) with the features of the cue (cue direction vs. cue position). In particular, a directionaligned microsaccade moved toward the peripheral target location indicated by cue direction, whereas a direction-opposing microsaccade moved toward the opposite location. Similar, a positionaligned microsaccade was oriented toward the task-relevant arrow cue (i.e., the position of the cue), whereas a position-opposing microsaccade was oriented toward the task-irrelevant arrow cue. Microsaccade frequency was submitted to a mixed linear model (LMM, see 2.7. Statistical analysis) with fixed effects for microsaccade alignment with cue direction (direction-aligned vs. directionopposing microsaccade) and cue position (position-aligned vs. position-opposing microsaccade). For this analysis, we included only microsaccades that occurred during the rebound interval (i.e., 200-500 ms after cue onset) and had a clear horizontal preference (max. deviation of ±67.5°from the horizontal; 87% of all microsaccades).
Microsaccades and spatial cueing effects on RT
Microsaccades have been linked to performance in spatial cueing tasks (Hafed, 2013; Hafed et al., 2011; Kliegl, Rolfs, Laubrock, & Engbert, 2009; Laubrock et al., 2007; Tian, Yoshida, & Hafed, 2016 ; but see Horowitz et al., 2007) . With endogenous cues, it was suggested that a reliable microsaccade attention link would result in faster RTs for trials with microsaccades pointing toward the target rather than into the opposite direction (Horowitz et al., 2007; Laubrock et al., 2007 Laubrock et al., , 2010 . In fact, an effect of microsaccadetarget congruency (MTC) was observed for microsaccades during the rebound interval (Laubrock et al., 2010) .
Alternatively, if microsaccades reflect the selection of the taskrelevant parts of the cue symbol, a microsaccade directed toward the task-relevant cue might serve as an indicator of successful cue processing (e.g., microsaccades reflect an overt attention shift in this case) which is a prerequisite for the later cued covert attention shift. Under such a scenario, a position-aligned rather than a position-opposing microsaccade would result in faster responses for validly cued trials and slower responses in invalidly cued trials. As previous cue arrangements did not allow to distinguish the selection of cue position from the cued attention shift (Horowitz et al., 2007; Laubrock et al., 2007 Laubrock et al., , 2010 , we expected to replicate the MTC-effect for congruent cues: In valid trials, a targetcongruent microsaccade is also a microsaccade directed toward the task-relevant cue. In invalid trials, a target-congruent microsaccade moves opposite to cue position. For incongruent cues, however, an inverted MTC-effect (i.e., increased RTs for target-congruent microsaccades) would be expected if microsaccades link to the selection of cue position: In valid trials, position-aligned microsaccades would result in faster RTs despite moving away from target location. In invalid trials, positionaligned microsaccades would increase RTs although they move toward target location.
To investigate whether the MTC-effect depends on cue arrangement we followed a procedure by Laubrock et al. (2010) . We selected those trials that contained a microsaccade during the rebound interval (i.e., 200-500 after cue onset) if it was the only microsaccade or the first of several microsaccades in the trial (33% of trials). Reaction times were submitted to an LMM (see 2.7. Statistical analysis) with fixed effects for MTC (targetcongruent vs. target-incongruent microsaccade) and cue arrangement (congruent vs. incongruent cue).
Statistical analysis
We used the lmer program of the lme4 package (Bates, Mächler, Bolker, & Walker, 2015) supplied in the R environment (R Core Team, 2015; version 3.2.3) to run linear mixed models (LMM) with restricted maximal likelihood estimates (REML). Following previous suggestions (Baayen, Davidson, & Bates, 2008; Barr, Levy, Scheepers, & Tily, 2013) , we started with a model that included all relevant factors and their interactions as fixed effects. The random effects structure of the model contained a random intercept for subject and by-subject random slopes for the experimental factors. As this ''maximal model" likely contained too many parameters given our data, model terms were excluded in two steps: First, we specified an appropriate random effects structure by dropping non-significant correlation and variance parameters. Second, the fixed effects structure was determined by excluding nonsignificant parameters starting with higher order interaction terms. With each removed parameter, the resulting simpler model was compared to the more complex model containing that parameter and tested for a significant decrement in goodness of fit using a likelihood ratio test. Moreover, an increase in model fit was indicated by decreased values of the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC).
The number of degrees of freedom for the t-values of the fixed effects are not exactly known with LMMs. However, given the large number of observations in the present study, the t-distribution converges to a standard normal distribution. Thus, in line with Baayen et al. (2008) , fixed effects that were larger than twice their standard error indicated statistical significance (i.e., t-values !2 for b/SE; corresponding to a significance level of 5% in a two-tailed test).
A computational model for the generation of fixational eye movements
During fixation, the oculomotor system generates fixational movements with a superposition of microsaccades characterized as rapid small-amplitude gaze shifts and slower random drift motion (Barlow, 1952; Ditchburn & Ginsborg, 1952; Ratliff & Riggs, 1950) . The temporal correlations observed in fixational eye movements (Engbert & Kliegl, 2004; Mergenthaler & Engbert, 2007) represent a key property for the development of computational models (Engbert, 2012; Engbert et al., 2011; Sinn & Engbert, 2016) . In a recent model that integrates physiological drift and microsaccades, drift is described as a self-avoiding (random) walk (SAW) on a regular squared grid with L Â L nodes (Freund & Grassberger, 1992) . The SAW can be imagined as a walk on a finite grid, where the walker moves from the current node to one of the four neighboring nodes. The SAW model generates motion via three dynamical principles under the general rule that local motion is directed toward the minimum of a self-generated potential. First, past steps are stored in an activation map. With each step, the activation of a currently visited node is increased by one unit while the activation of all other nodes decreases by a fading factor ð1À 2Þ. Second, the motion is embedded in a 2D quadratic 'potential' uðk; lÞ uðk; lÞ ¼ kL aðtÞ
The potential depends on the symmetric factor k and two timedependent, asymmetric weights aðtÞ and bðtÞ, and it is centered around ðk 0 ; l 0 Þ where ðk; lÞ is the position of a node on the grid. In the model, the potential acts as a periodic spatial boundary for the motion on the grid accounting for the fact that during fixation the gaze is kept at an intended position ( Fig. 2A) . Third, the bias toward vertical and horizontal movement orientations that has been observed in previous studies (Engbert & Kliegl, 2003) is implemented by an additional oculomotor potential m 0 ðk; lÞ
centered at the current position ðk 1 ; l 1 Þ. Finally, a global movement potential mðk; lÞ represents the sum of the activation map, the potential, and the oculomotor map. The activation of the global movement potential at the current position determines the motion such that the next movement step goes to the neighboring node with the smallest activation (or to a random neighbor for equal activations). If the activation mðk 1 ; l 1 Þ exceeds the critical threshold E, then a microsaccade is generated, which is implemented as a jump to the node with the global minimum of activation.
Modeling the effects of spatial cueing on microsaccade frequency and orientation
To account for the dynamical changes in microsaccade frequency and orientation during the spatial cueing of attention (Engbert & Kliegl, 2003; Hafed & Clark, 2002) , Engbert (2012) suggested three extensions for the basic SAW model (Engbert et al., 2011) . First, the mere presentation of a visual stimulus constitutes a perceptual change that is linked to an early inhibition of microsaccade frequency after stimulus onset (Engbert & Kliegl, 2003; Rolfs et al., 2008 ). In the model, microsaccade inhibition is induced by a transient variation of the potential slope.
Second, the effect of covert attention on microsaccade orientation is simulated by a transient widening of the potential that is asymmetric toward the locus of attention. In general, the potential slope represents a continuous boundary for the SAW; for example, a gently inclining slope unblocks a larger area for the possible motion on the grid than a steeper slope. If the potential widening is asymmetric toward one side, this lateralization drives a bias in microsaccade orientation (Fig. 2B) . Thus, to model attention effects, a covert attention shift to one side of the grid (e.g., the left side of the grid; l L=2) corresponds to a transiently reduced slope at the ipsilateral side of the potential by a time-dependent factor a ipsi ðtÞ, while the contralateral side of the potential is unaffected. Thus, the effect of spatial attention (i.e., cue direction) is mediated by the transient change a A ðtÞ, written as
Third, the initial inhibition of microsaccade rate is followed by an increase in microsaccade rate around 200-500 ms after stimulus onset (Engbert, 2012; Engbert & Kliegl, 2003) . Both taskrelated processes (i.e., the immediate visual onset and the later attention shift) are assumed to decrease the threshold E for microsaccade triggering by a time-dependent factor c. Thus, the asymmetric modulation of the potential slope and the slightly lowered threshold for triggering a microsaccade increase the probability of microsaccades with a preferred orientation toward the to-beattended side.
Modeling the effect of cue localization on microsaccade orientation
In order to simulate microsaccade dynamics in the current experiment, we implemented two extensions of the previous model (Engbert, 2012; Engbert et al., 2011) and investigated the models behavior depending on cue arrangement: First, the potential slope was assumed to be affected by both attentional mechanisms -the cued covert attention shift and the localization of the task-relevant cue Thus, the potential slope a A t ð Þ can be written as
where A direction refers to the attention shift indicated by cue direction and A position describes the modulation due to localizing the taskrelevant cue position. Following Engbert (2012) the cued attention shift leads to a unilateral widening of the potential toward the tobe-attended side (see also Eq. (3))
Second, we assumed that the simultaneous presentation of a symmetrical cue arrangement left and right of fixation causes a bilateral deformation of the potential. This also accounts for the fact that with incongruent cues, opposite potential sides are affected by cue direction and position. Thus, the effect of the task-relevant cue position on the potentials slope can be written as
where the ipsilateral and contralateral potential side represent the task-relevant and task-irrelevant cue, respectively. Taken these assumptions, we can evaluate the overall attention a A ðtÞ effect on microsaccade orientation for the condition with congruent cues
and incongruent cues
We estimated the maximal influence of the cued attention shift and localizing the cue with A position;ipsi ðtÞ ¼ a A;incongruent;ipsi ðtÞ A position;contra ðtÞ ¼ a A;congruent;contra ðtÞ A direction ðtÞ ¼ a A;congruent;ipsi ðtÞ=A position;ipsi ðtÞ :
The transient change c of the threshold E follows
where b is an multiplicator and t 0 ¼ t À s P À s A describes the delay between cue onset and perceptual and attention effects.
Parameter estimation and simulation
Mathematically, we implemented the effect of visual stimulation and both attention effects on the potential slope via the equation Fig. 2 . Simulating the effect of cued covert attention shifts and localization of the spatial cue in a computational model of microsaccade generation. In the model, fixational drift movement are generated by a self-avoiding random walk on a discrete square grid (L Â L nodes) and microsaccades by a dynamic triggering mechanism. (A) To keep the eye at fixation, movements on the grid are restricted by a quadratic potential centered on grid center. The basic potential has a symmetric potential slope with all movement directions being equiprobable. In addition, the steeper the potential slope (orange nodes) the more likely a movement occurs toward that node. (B) A widening of the potential slope generally unblocks a larger area on the grid increasing the probability of a microsaccade toward those nodes. If this widening is restricted to only one side of the potential (i.e., the potential is lateralized), the probability of a microsaccade being oriented toward that side increases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
which describes the time-dependent variation with a delay t 0 after cue onset. Each side of the potential j (j 2 fipsi; contrag) is controlled by cue-specific parameters k j , q j and their exponents j j , c i;j .
The basic model parameters are L ¼ 51;
and k ¼ 1 (see Engbert et al., 2011) . One iteration step corresponded to one millisecond in the experiment. Based on the 100 ms pre-cue baseline of the experimental data, the threshold E was set to 8.13. Eq. (11) generates the perceptual inhibition with the parameters k P = 0.0105, j P = 0.018, q P = 5.25, c P = 3.5, s P = 150, and s A = 30.
We simulated microsaccade rates relative to cue onset for microsaccades aligned with or opposite to the cued target location. We started with a baseline model that generated microsaccade rates without orientation bias. For each simulation, transient perturbations of slope parameters were introduced to generate the observed variations of microsaccade orientation with cue arrangement. This resulted in seven models for each cue arrangement (all models: n = 14) that produced microsaccade rates which did not differ significantly from the experimental data during the interval from 250 to 500 ms after cue onset (Kolmogorov-Smirnov test; Massey, 1951) . In particular, each simulation was based on 2000 runs for each cue arrangement. During each run, the first 5000 iteration steps were used to generate an initial activation map (see also Engbert, 2012) as a starting point for the numerical simulation. The trial duration (1800 iteration steps) was simulated with the first 300 steps constituting a pre-cue baseline.
For congruent cues, the mean parameters are b = 0.466 ± 0.004, k p,ipsi = 0.01051 ± 0.00001, q p,ipsi = 0.01785 ± 0.00011, j p,ipsi = 3.86 ± 0.02, c 0 = 2.00 ± 0.00, k p,contra = 0.00430 ± 0.00087, q p,contra = 0.00721 ± 0.00023, j p,contra = 3.68 ± 0.28, and c 0 = 1.63 ± 0.04.
For incongruent cues, the mean parameters are b = 0.459 ± 0.004, k p,ipsi = 0.01049 ± 0.00002, q p,ipsi = 0.01793 ± 0.00016, j p,ipsi = 3.86 ± 0.03, c 0 = 2.00 ± 0.00, k p,contra = 0.00419 ± 0.00084, q p,contra = 0.00691 ± 0.00005, j p,contra = 3.45 ± 0.17, and c 0 = 1.73 ± 0.04.
Results
Reaction times and error rates
We observed facilitated RTs after valid cues (mean RT: 481.9 ms with SD of ± 108.5) as compared to neutral (495.3 ms ± 112.5) and invalid cues (511.0 ms ± 115). To investigate the effect of spatial cueing on manual performance, RTs were submitted to an LMM with a fixed effect for cue validity (sliding difference contrast: valid vs. neutral and neutral vs. invalid), a random intercept for subjects, and by-subject random slopes for the effect of cue validity. Confirming a robust cue validity effect, we observed significant RT benefits (neutral-valid: b = 13.4, SE = 2.86, t = 4.7) and costs (invalid-neutral: b = 15.6, SE = 2.83, t = 5.6) of attentional cueing. Importantly, there was no effect of cue arrangement (congruent vs. incongruent cue) nor an interaction of cue validity and cue arrangement. In fact, for both cue arrangements we observed similar attentional benefits (congruent cue: 12.5 ms; incongruent cue: 14.2 ms) and attentional costs (congruent cue: 17.7 ms; incongruent cue: 13.8 ms). Thus, dropping this factor and its two interaction terms with cue validity from the model did not lead to a significant drop in goodness of fit; logLik Dv2(3) = 1.2, p = 0.76; AIC (233529 vs. 233534) and BIC (233608 vs. 233636) were smaller for the simpler model.
Error rates were generally low (M = 3.9% ± 2.69) and did not vary as a function of cue validity and cue arrangement (all ts < 1.2). In all subsequent analyses, only trials with correct responses were included.
Kinetic features of microsaccades
A total of 38,677 microsaccades were detected with a mean frequency of 1.06 microsaccade/s ± 0.54, a median amplitude of 0.33°± 0.19, a median peak velocity of 41.0°/s ± 16.8, and a median duration of 11.2 ms ± 4.4. These values are well in line with previous reports (Martinez-Conde, Macknik, Troncoso, & Hubel, 2009 ). In addition, microsaccades followed the 'main sequence' (Fig. 3A) ; that is, movement amplitude was highly correlated with peak velocity (r = 0.93, p < 0.001; Zuber & Stark, 1965) .
3.3. Effects of voluntary covert orienting and cue localization on microsaccade orientation Fig. 4 depicts the temporal evolution of microsaccade frequency after cue onset separately for microsaccades that were oriented toward the cued peripheral target (i.e., direction-aligned microsaccades) or opposite to it (i.e., direction-opposing microsaccades). After cue onset, microsaccade rates showed prototypical dynamics with an initial drop strongest at $170 ms followed by a rebound interval between 200 and 500 ms and a subsequent recovery phase (Engbert & Kliegl, 2003) .
Previously, strong effects of spatial cueing on microsaccade dynamics have been observed during the rebound interval (Laubrock et al., 2010 ). Here we show that during this interval microsaccade orientation clearly varied as a function of the position of the task-relevant cue and was only weakly related to cued attention shifts. For (standard) congruent cues, we replicated a bias of microsaccades toward the cued target location indicated by a larger number of direction-aligned microsaccades ( Fig. 4B ; Engbert & Kliegl, 2003) . However, the opposite pattern was observed in the critical condition with incongruent cues in which the task-relevant cue was placed in the visual field opposite to the cued attention shift (Fig. 4C) . For this arrangement, we observed a larger number of microsaccades oriented away from the cued target location but toward the position of the taskrelevant cue.
To directly test how microsaccade orientation was affected by the covert shift toward the cued target location (indicated by cue direction) and the location of the task-relevant foveal cue (indicated by cue position), we submitted microsaccade frequency in the interval between 200 and 500 ms after cue onset to an LMM. We included fixed effects for the alignment of a microsaccade with cue direction (direction-aligned vs. direction-opposing microsaccade) and cue position (position-aligned vs. position-opposing microsaccade). Due to non-significance, the interaction term was excluded from the model (logLik Dv2(1) = 0.23, p = 0.64; AIC (À13.1 vs. À11.3) and BIC (15.1 vs. 19.7) decreased for the simple model). The random effects structure comprised a random intercept for subject and by-subject random slopes for cue direction and cue position. As a result, the predominant bias of microsaccades toward the task-relevant cue symbol was reflected in a significant effect of cue position (b = À0.236, SE = 0.066, t = À3.6; see also Fig. 5A ). Additionally, covertly shifting attention affected microsaccades indicated by a significant effect of cue direction (b = À0.053, SE = 0.024, t = À2.2): We observed a higher number of microsaccades directed toward the cued target location than opposite to it.
Thus, using an endogenous cue that allowed to dissociate the direction of cued attention shifts from the location of the cue indicating these shifts, we observed a significant alignment of microsaccades with the cued shift and the cue location, with the latter effect being $4.5 times stronger than the alignment with the cued covert shift (comparing the b-values).
Effect of cue localization on microsaccade amplitude
If microsaccades reflect the selection of the task-relevant cue position (i.e., they are oriented toward the arrowhead indicating the cued attention shift), we speculated that movement amplitude might differ as a function of subtle differences in cue arrangement. In particular, with congruent cues the tip of the outward pointing arrowheads had a larger eccentricity than the inward pointing arrowheads of incongruent cues (1°vs 0.5°relative to the fixation point; see Fig. 1B ). Thus, we tested if microsaccade amplitude was larger for congruent than incongruent cues. We specified an LMM with fixed factors for cue arrangement (congruent vs. incongruent cue) and microsaccade position-alignment (sliding difference contrast: position-opposing vs. position-aligned and position-aligned vs. neutral microsaccade) on movement amplitude for microsaccades during the rebound interval between 200 and 500 ms. The random effects structure of the model contained a random intercept for subject and by-subject random slopes for the effect of microsaccade position-alignment. In general, position-aligned microsaccades had larger amplitudes than position-opposing microsaccades (b = 0.031, SE = 0.007, t = 4.4) and microsaccades in neutral trials (b = À0.024, SE = 0.007, t = À3.3; see Fig. 5B ). In addition, there was a significant interaction between microsaccade position-alignment (position-opposing vs. position aligned) and cue arrangement (b = À0.020, SE = 0.009, t = À2.2). While microsaccade amplitude did not differ for microsaccades moving opposite to the task-relevant cue (b = 0.008, SE = 0.007, t = 1.2), microsaccades directed toward the location of the task-relevant cue were, indeed, significantly larger for congruent than incongruent cues (b = À0.013, SE = 0.006, t = À2.0).
Microsaccade and spatial cueing effects on RT
Although we observed a bias of microsaccades toward the taskrelevant cue, a microsaccade directed toward the target location might still be strongly linked to covert attention shifts irrespective of cue arrangement. Previously, such a microsaccade attention link was established in terms of facilitated RTs for trials that contained a target-congruent compared to a target-incongruent microsaccade (microsaccade-target congruency, MTC; see 2.6. Microsaccades and spatial cueing effects on RT; Laubrock et al., 2007 Laubrock et al., , 2010 . To investigate the link between microsaccades and manual responses, RTs were submitted to an LMM with fixed effects for MTC (target-congruent vs. target-incongruent microsaccade) and cue arrangement (congruent vs. incongruent cue) and a random intercept for subject. Fig. 6A depicts the effect of MTC for congruent and incongruent cues for microsaccades during the rebound interval (200-500 ms after cue onset). While there was no effect of cue arrangement (b = 1.7, SE = 2.41, t = 0.7), we replicated the MTC-effect (b = 6.4, SE = 2.41, t = 2.7). This effect interacted with cue arrangement (b = À14.8, SE = 4.84, t = À3.1) such that a significant MTC-effect was observed for congruent cues (b = 13.6, SE = 3.42, t = 4.0). In particular, participants responded faster by 13.6 ms when a microsaccade pointed toward the target as when it pointed into the opposite direction. However, no MTC-effect was observed with incongruent cues (b = À0.9, SE = 3.44, t = À0.3).
When we run the same model on separate data sets with respect to the informative content of the cue (i.e., neutral vs. informative), we observed a complex relationship between microsaccades and RT ( Fig. 6B and C) . With neutral cues, the effect of cue arrangement and the interaction of cue arrangement and MTC were not significant and could be dropped from the model (goodness of fit: logLik Dv2(2) = 1.2, p = 0.66; AIC (25464 vs. 25467) and BIC (25487 vs. 25501) decreased for the simple model). However, we observed a significant effect of MTC (b = 12.7, SE = 4.12, t = 3.1). Thus, when a cue was non-informative about the target location, we replicated a reduction in RT with target-congruent microsaccades that was significant for congruent cues (t = 2.5) and marginally significant for incongruent cues (t = 1.9). Running the same model for informative cues (valid and invalid cues), we failed to find an effect of MTC or cue arrangement (both ts < 1.0; Fig. 6C ). Instead, we observed a significant interaction effect of MTC and cue arrangement (b = À18.7, SE = 5.98, t = À3.1): While an MTC-effect was replicated with congruent cues (b = 11.5, SE = 4.2, t = 2.7), this effect showed a numerical, but nonsignificant trend to be inverted with incongruent cues (b = À7.0, SE = 4.27, t = À1.6). Such a pattern would be expected if microsac- cades link to the selection of cue position rather than to the cued covert attention shift. Thus, this pattern suggests that positionaligned microsaccades might indicate successful encoding of the spatial cue (for more details see 2.6. Microsaccades and spatial cueing effects on RT).
In a final analysis, we directly tested whether cueing benefits were modulated by the alignment of microsaccades with the position of the task-relevant cue during the rebound interval. We specified an LMM with fixed effects for cue validity (valid vs. invalid) and microsaccade position-alignment (position-aligned vs. position-opposing microsaccades) on mean RT with a random intercept for subject. The factor cue arrangement (congruent vs. incongruent cue) could be dropped from the model (logLik Dv2 (4) = 1.1, p = 0.90; AIC (51218 vs. 51225) and BIC (51256 vs. 51289) decreased for the simple model). As expected, participants responded faster with valid compared to invalid cues as indicated by a significant cue validity effect (b = À26.6, SE = 3.76, t = À7.1). Importantly, we observed an enhanced cue validity effect in trials with microsaccades that pointed toward the task-relevant cue rather than in the opposite direction (validity effect: 31.8 vs. 15.6 ms, respectively), indicated by a significant interaction of cue validity and microsaccade position-alignment (b = 19.8, SE = 7.51, t = 2.6).
Thus, directing microsaccades toward the target location facilitated RT for neutral cues. With informative cues, however, the alignment with the location of the task-relevant cue but not with the target location resulted in RT benefits.
Simulations of microsaccade statistics using a computational model
In a computational model on microsaccade generation (Engbert et al., 2011) , effects of spatial cueing on microsaccade orientation were simulated by modulating the potential that spatially constraints the generation of movements ( Fig. 2; Engbert, 2012) . In particular, the probability of a microsaccade being oriented toward a preferred side (e.g., the attended vs. unattended side of a display) is driven by a lateralization of the potential slope toward that side. To account for the effects of cued attention shifts and localizing the task-relevant cue, we used a bilateral variation of the potential slope and investigated how the potential sides (ipsilateral vs. contralateral) varied as a function of cue features (cue direction and position).
For each cue arrangement, we generated various models with different sets of slope parameters and tested if the generated microsaccade rates predicted the experimental data during the rebound interval (200-500 ms after cue onset). For example, Fig. 7A shows a model that adequately generated microsaccade rates for congruent cues. As can be seen, the model qualitatively reproduced the prototypical dynamics of microsaccade rates in response to a visual onset comprising an early inhibition and a later rebound phase. Moreover, microsaccade orientation was reliably affected as a function of cue arrangement such that microsaccades were directed toward the task-relevant cue.
How was the potential affected by cue arrangement? In general, we observed a widening of the potential by more than 5% in the interval from 250 to 500 ms after cue onset ( Fig. 7B and C) . Importantly, for both cue arrangements this widening was asymmetric toward the position of the task-relevant cue. In particular, the potential was tilted stronger at the side ipsilateral to cue position (i.e., the side processing the task-relevant cue) compared to the contralateral side (i.e., the side processing the task-irrelevant cue). Replicating previous results (Engbert, 2012) , we observed an additional effect of the cued attention shift. The potential showed a stronger widening at the side ipsilateral to cue direction (i.e., the attended side) compared to the contralateral side (i.e., the unattended side; Fig. 7C ). We confirmed these observations based on an LMM with the mean potential variation in the interval from 250 to 500 ms after cue onset as dependent variable. We included fixed factors for cue position and cue direction (ipsilateral vs. contralateral, sliding difference contrast) and model as a random effect. With respect to measurement b-and SD-values are given in percent. As a result, the potential showed a significant effect for localizing the cue symbol (b = 4.34, SD = 0.11, t = 38.7) and the cued covert attention shift (b = 0.48, SD = 0.11, t = 4.3). In addition, a significant interaction (b = À0. 51, SD = 0.22, t = À2.3) revealed a smaller effect of the attention shift on the potential side contralateral to the task-relevant cue.
To compare the effect size of both factors, we decomposed the combined effects in terms of a unilateral potential variation for the cued shift and a bilateral potential variation for the taskrelevant cue location (Eq. (9); Fig. 8A ). For the effect of cue location, we calculated the degree of lateralization by subtracting the activation of the potential side contralateral to cue position from the ipsilateral side. For both effects, the lateralization peaked at $360 ms after cue onset (Fig. 8B) . The maximal lateralization of the potential slope was 0.028 ± 0.003 for the cued attention shift and 0.119 ± 0.009 for localizing the task-relevant cue (a value of zero corresponds to no lateralization) indicating that the latter effect was $4.3 stronger than the effect of the cued covert shift. Thus, in the simulation study, we could not only qualitatively reproduce the present behavioral results -i.e., the predominant movement bias toward the task-relevant cue and a weaker bias toward the cued target location -, the model also quantitatively replicated the empirically observed relative strength of both effects.
Discussion
The current study linked microsaccades to spatial attention in two respects: First, during spatial cueing of voluntary attention, microsaccades aligned with the covert attention shift in a cued direction. Second, microsaccades indicated the selection and localization of the most informative, task-relevant part of the cue. Surprisingly, the movement bias toward cue position was about four times stronger than the alignment with the cued attention shift. Moreover, response times were facilitated by microsaccade alignment with cue position but not with target position, as previously reported (e.g., Laubrock et al., 2010) .
Microsaccades weakly related to the covert shift of voluntary attention
There is mounting evidence that microsaccades are linked to covert shifts of voluntary and reflexive attention in humans (Engbert & Kliegl, 2003; Hafed, 2013; Hafed & Clark, 2002; Horowitz et al., 2007; Laubrock et al., 2010; Pastukhov & Braun, 2010; Rolfs et al., 2005) and in non-human primates . Here we investigated microsaccades in a spatial cueing task requiring a voluntary covert attention shift and found that microsaccade orientation was only weakly related to the cued attention shift but strongly to the position of the cue. In the congruent cue condition, the task-relevant cue was located in the tobe-attended visual field, as common in many studies. As a result, microsaccades during the rebound interval (i.e., 200-500 ms after the cue) were biased toward the cued visual field ( Fig. 4B; e.g., Engbert & Kliegl, 2003) and reaction times in trials with targetcongruent 'rebound' microsaccades were shortened ( Fig. 6C ; Laubrock et al., 2007 Laubrock et al., , 2010 . In the critical condition with incongruent cues, the task-relevant part of the cue was placed in the not-to-be-attended visual field. In this condition, microsaccades pointed away from the peripheral target but toward the position of the cue (Fig. 4C ) and reaction times in trials with target-congruent microsaccades tended to increase (Fig. 6C) .
Despite the predominant movement bias toward the taskrelevant cue, we still observed a significant bias toward the target location indicated by that cue (Fig. 5A) . Nonetheless, the bias toward the task-relevant cue was about four times stronger than toward the cued target location. This suggest that the link between cued shifts of voluntary attention and microsaccades was overestimated in most previous studies due to the use of endogenous cues that presented the task-relevant part of the stimulus -the stimulus part that is most informative about the target locationwithin the to-be-attended visual field (Engbert & Kliegl, 2003; Hafed et al., 2011 Hafed et al., , 2013 For each cue arrangement, one example of a model is shown that generated microsaccade rates fitting the experimental data. The model reproduced the predominant bias of microsaccade orientation with the task-relevant cue (i.e., cue position). Dots represent significant differences between microsaccade rates (bootstrapped p-values < 0.01). (B) For each cue arrangement, the temporal variation of the potential slope is plotted for the potential sides relative to cue direction (i.e., direction of the cued attention shift) and cue position for models fitting the experimental data (n = 14). In general, the potential slope showed a dynamic, bilateral widening. This was pronounced toward the task-relevant cue position: After cue onset the potential side ipsilateral to cue position (i.e., the side reflecting the taskrelevant cue) showed a stronger widening than the contralateral side (i.e., the side reflecting the task-irrelevant cue position). (C) Mean transient variation of the potential slope. In addition to an effect of cue position, the potential slope was affected by cue direction such that the widening on the potential side ipsilateral to cue direction (i.e., the side to-be-attended) was stronger compared to the contralateral side (i.e., the unattended side). Fig. 8 . Comparison of potential lateralization due to the effect of cue direction (i.e., the cued attention shift) and cue position (i.e., the task-relevant cue position). (A) Based on Eq. (9), we decomposed the potential slopes resulting in a bilateral variation due to the effect of cue position (blue) and a unilateral variation for the effect of cue direction (orange). (B) The overall lateralization of the potential was stronger for the effect of cue position (difference between the potential side ipsilateral and contralateral to cue position) compared to the cue direction effect. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) for more details). In fact, in these previous studies a reliable microsaccade bias toward the cued target location was observed that could be very strong under some conditions (e.g., depending on response modality, time interval of microsaccade occurrence, microsaccade frequency, and task-load; Laubrock et al., 2010; Pastukhov & Braun, 2010) . In contrast, in the minority of previous studies that used symbolic color cues, this bias was either absent (Laubrock et al., 2005) or weaker and delayed compared to a condition with arrow cues (Engbert & Kliegl, 2003) . These later results could reflect a lower efficiency of color cues to initiate attention shifts. However, as these findings are in line with the present weak link between microsaccade orientation and cued attention shifts, color cues may instead directly reveal the low strength of this link without a confounding influence of a cue stimulus whose parts are unbalanced with respect to task-relevance.
Microsaccades strongly linked to the localization of the cue stimulus
In the present study, microsaccades resembled the processing and selection of the foveal cue stimulus. First, microsaccades during the rebound interval were biased toward the task-relevant rather than the task-irrelevant part of the cue ( Fig. 4B and C,  Fig. 5A ). For incongruent cues, this bias occurred although it required a movement opposite to the cued attention shift. Second, this alignment of 'rebound' microsaccades with cue position was related to the processing of the target stimulus that was presented later in the CTI (>1250 ms). In particular, the classical cueing benefit on response times (i.e., faster RTs in valid compared to invalid trials; Posner, 1980) was stronger when microsaccades pointed toward rather than away from the task-relevant cue. This finding suggests that a position-aligned microsaccade may indicate the successful selection of the task-relevant parts of the cue stimulus, which is a pre-requisite for the required shift of covert attention. Third, microsaccade amplitudes varied as a function of the physical properties of cue arrangements (Fig. 5B) . In particular, positionaligned microsaccades had larger amplitudes for congruent cues, resembling the larger eccentricity of the tip of the arrowhead for congruent (< >) compared to incongruent cues (> <).
Bringing objects of interest into the fovea to allow in-depth visual processing is a fundamental role of saccadic eye movements. Thus, the alignment of microsaccades with the cue does not only support the notion of a microsaccade-saccade continuum (OteroMillan, Troncoso, Macknik, Serrano-Pedraza, & Martinez-Conde, 2008; Zuber & Stark, 1965) , but also agrees with the idea that microsaccades during fixation serve important perceptual functions (Hafed, 2011; Martinez-Conde, Macknik, & Hubel, 2004; Martinez-Conde, Otero-Millan, & Macknik, 2013; Rolfs et al., 2008) . Recently, it was shown that microsaccades precisely allocate the gaze toward stimuli even on a miniature spatial scale (Ko, Poletti, & Rucci, 2010; Poletti, Listorti, & Rucci, 2013) . For example, performance during a visual high-acuity task increased when microsaccades were directed toward the task-relevant stimulus rather than toward the background (Ko et al., 2010; Poletti et al., 2013) and when their amplitudes were dynamically adjusted with respect to stimulus eccentricity (Poletti et al., 2013 ). In the current task, aligning gaze with the foveal cue may improve perceptual performance by compensating for inhomogeneous foveal regions (Poletti et al., 2013) .
Perceptual processing of the cue could additionally or alternatively be altered by the generation of microsaccades itself. Recent studies suggest that this generation is coupled to changes in visual sensitivity depending on movement orientation (Chen, Ignashchenkova, Thier, & Hafed, 2015; Hafed, 2013; Hafed, Chen, & Tian, 2015; Tian et al., 2016; Yuval-Greenberg et al., 2014) . For example, visual sensitivity for a stimulus is increased when that stimulus is presented briefly after a microsaccade (<100 ms), but only if that eye movement was directed toward rather than away from the stimulus (Yuval-Greenberg et al., 2014) . It has been suggested that these effects are likely mediated by microsaccaderelated corollary signals that modulate processing in visual areas (e.g., Chen et al., 2015; Hafed, 2013) .
Microsaccades are intimately linked to spatial attention
Although we report a predominant alignment of microsaccades with the cue that indicated the direction of a covert attention shift rather than with the attention shift itself, this does not necessarily suggest that microsaccades and attention shifts are only weakly linked:
With respect to the present data, selecting task-relevant over task-irrelevant cues reflects an attentional mechanism (commonly investigated in visual search tasks; Treisman & Gelade, 1980 ) that may invoke a shift of covert attention toward the selected stimulus (Wolfe & Horowitz, 2004) . Hence, this attention shift may cause the observed bias of microsaccades. Alternatively, microsaccade generation might induce an attention shift (e.g., Yuval-Greenberg et al., 2014) toward the cue. Whatever the causal link between microsaccades and this additional attention shift is, a microsaccade directed toward a task-relevant cue may actually comprise an overt attentional orienting response. Thus, in the current task two cue-triggered attention shifts were required toward the same or opposite visual fields (depending on cue arrangement) and microsaccade dynamics were highly sensitive for the interplay of both mechanisms.
With respect to previous studies, reliable correlations between microsaccades and visual attention have been observed beyond the present link between microsaccades and cued shifts of voluntary attention. (1) Microsaccades are related to reflexive (exogenous) shifts of attention with a movement bias toward the cued location within 100 ms after cue onset regardless of whether the cue is informative about the target location (i.e., attentional capture; e.g., Galfano et al., 2004; Hafed & Clark, 2002; Laubrock et al., 2005; Tian et al., 2016) . The different dynamics of exogenous and endogenous cueing on microsaccade statistics suggest that different neural pathways mediate these effects. While the rapid effects of exogenous cues were suggested to be mediated by a direct connection between the retina and the SC, the slower effects of endogenous cues that also involve a more elaborate evaluation of the cue stimulus are likely controlled by a connection between occipital, parietal, and frontal cortex to the SC (e.g., Engbert, 2006) . (2) Microsaccade have been related to the sustained allocation of voluntary covert attention by aligning movements with the cued target meridian (Hermens & Walker, 2010; Pastukhov et al., 2013) or diagonal . In contrast to the transient cue-related bias toward the cued location that we investigated and that has been observed before (e.g., Engbert & Kliegl, 2003) , this sustained effect comprises movements toward and away from the cued location even long after an endogenous cue was presented. Alternatively, it has been argued that this oscillatory pattern rather reflects a low-level process to maintain fixation (Laubrock et al., 2005; Tian et al., 2016 ; see also 4.4. Microsaccades and the control of foveal fixation error). (3) The above-mentioned changes in visual processing that transiently occur around (micro)-saccade onset have been interpreted in terms of spontaneous fluctuations of attention (e.g., Yuval-Greenberg et al., 2014) . Similarly, Hafed (2013) suggested that microsaccades are preceded by an obligatory attention shift -resembling the phenomenon of pre-saccadic attention shifts (Deubel & Schneider, 1996; Montagnini & Castet, 2007; Rolfs & Carrasco, 2012) . Presenting a visual stimulus at a location briefly (<100 ms) before a microsaccade moves toward that location resulted in increased visual bursts in the SC and the frontal eye field and a higher visual acuity (Hafed, 2013) . Despite these intriguing results, it is unknown if (or how) these microsaccade-related attention effects couple to microsaccade generation or if they merely resemble one aspect of peri-microsaccadic processing . Thus, we did not include the microsaccade-related attention effects in the present computational model that generally aims at Modeling microsaccade generation (Engbert, 2012; Engbert et al., 2011) .
Microsaccades and the control of foveal fixation error
In this section, we relate our finding of an alignment of microsaccades with visual attention with a recent account by Hafed and colleagues, based on a series of studies using peripheral exogenous cues Hafed, 2013; Hafed et al., 2015; Tian et al., 2016) . In general, Hafed and colleagues challenge the claim that microsaccade dynamics reflect exogenous shifts of attention (e.g., Galfano et al., 2004; Laubrock et al., 2005; Tian et al., 2016) . Instead, the authors argue that these eye movements reflect a low-level oculomotor mechanism to maintain fixation on a foveal stimulus. According to the account of Hafed and colleagues (e.g., Hafed et al., 2015) , microsaccades are generated by an oscillatory process that controls foveal fixation error. Presenting a peripheral exogenous cue resets this ongoing process and biases it toward the cue's location, which results in the well-known alignment of microsaccades with exogenous attention: an early response with an orientation bias toward the to-be-attended hemifield (attentional capture) and a subsequent bias away from this hemifield (inhibition of return; e.g., see Galfano et al., 2004; Laubrock et al., 2005) . This account is supported by a recent study using a retinal stabilization technique that allows the immobilization of stimuli on the retina and, thereby, the correction of the fixation error introduced by microsaccades and fixational drift (Tian et al., 2016) . With this procedure, the oscillatory movement pattern of microsaccades after exogenous cues could be eliminated. The authors conclude that ''microsaccades in spatial cueing tasks reflect active oculomotor correction of foveal motor error, rather than presumed oscillatory covert attentional processes" (Tian et al., 2016, p. 1) .
The study by Tian et al. (2016) clearly shows that the subject's task to maintain fixation affects microsaccades during spatial cueing of attention (for a similar notion see also Laubrock et al., 2005 Laubrock et al., , 2010 . Nonetheless, their data also show a coupling of microsaccades with exogenous attention: First, applying the retinal stabilization technique affected microsaccade behavior not earlier than 350 ms after the cue. As a consequence, the effects of attentional capture and inhibition of return were preserved. While the presence of the first bias is predicted by their account in terms of the initial cue-related reset of the ongoing generation of microsaccades, the second bias should have been eliminated in a condition with a stabilized retinal image (e.g., see Tian et al., 2016) . In particular, according to Hafed and colleagues' interpretation, the purpose of this second bias is to correct for the fixation error introduced by the first movement bias which directed gaze toward the location of the peripheral cue and, thereby, away from central fixation. Second, visual inspection of their data reveals that the effect of attentional capture even seemed to be (numerically) enlarged when compared with a condition without retinal stabilization of stimuli (see Fig. 12 in Tian et al., 2016) . Finally, a sustained movement bias away from the location of the peripheral cue emerged from 350 ms after the cue in the stabilized condition, which is compatible with the finding that the effect of inhibition of return can last up to 3 s (reviewed in Samuel & Kat, 2003) . Therefore, our analysis suggests that there is inconclusive evidence in favor of the assumption that microsaccadic gaze shifts during the spatial cueing of exogenous attention serves exclusively to reduce fixation errors.
Beyond these recent results, it is questionable if a model that completely bypasses higher-level processing -as suggested by Hafed and colleagues for exogenous attention (e.g., Hafed et al., 2015) -is sufficient to account for microsaccade dynamics during endogenous spatial cueing. The mere presentation of a stimulus such as an exogenous peripheral cue may reset the oscillatory activity of the SC mediated by a direct connection between the retina and motor layers of the SC. However, it seems to obvious that voluntary shifts of attention and extracting task-relevant information among distracting items (apart from pop-out search) involves higher-level cortical processing (see also 4.3. Microsaccades are intimately linked to spatial attention).
To conclude, the present and previous findings suggest that microsaccades do not reflect a single process during the spatial cueing of attention, but different processes that crucially depend on the post-cue time interval (see also Kliegl et al., 2009; Laubrock et al., 2010) . After a lateralized endogenous cue, microsaccades during the rebound interval mainly reflect the visual selection of stimuli based on their location and features. A systematic movement bias toward a stimulus (e.g., the taskrelevant cue) may then improve perceptual processing at that location (e.g., Hafed, 2013; Yuval-Greenberg et al., 2014) . In contrast, microsaccades that occur later in the CTI may contribute to basic oculomotor needs, such as to maintain fixation (e.g., Tian et al., 2016) or to sustained attention Pastukhov et al., 2013) .
Microsaccades simulations from a computational model of SC activity
We simulated the present microsaccade dynamics in a computational model on microsaccade generation (Engbert et al., 2011) . Therefore, we assumed that the potential -a key concept of the model that restricts movement generation spatially and (if lateralized) biases microsaccade orientation (Fig. 2) -was modulated by both attentional mechanisms (cued attention shift and cue localization). In contrast to a previous unilateral variation (Engbert, 2012) , we implemented a bilateral variation of the potential slopes.
As a result, both mechanisms exhibited an effect on the potential: First, for the cued attention shift, we replicated the potential widening toward the locus of attention ( Fig. 7C ; Engbert, 2012) . This effect mirrors attention-related asymmetric changes in the peripheral SC (Fecteau et al., 2004; Ignashchenkova et al., 2004) , which may link to the rostral SC that generates microsaccades (Engbert, 2012; Hafed et al., 2009) . Support for this coupling mechanism comes from a recent study in which the microsaccade bias toward the cued location could be eliminated by placing a spatial cue in that part of the peripheral SC that was reversibly deactivated . Second, for localizing the cue, we observed a bilateral potential widening that was stronger at the potential side reflecting the task-relevant arrowhead ( Fig. 7B and C) . This modulation closely resembles the activation of SC neurons in visual search tasks (McPeek & Keller, 2002; Shen & Paré, 2007; Shen, Valero, Day, & Pare, 2011) . Since SC neurons lack the relevant feature selectivity (e.g., for distinguishing the equiluminant colors in the present cue arrangement), activation increases at all possible target locations during the feed-forward processing of the stimulus configuration. During a subsequent recurrent processing stage, activity then gets lateralized toward the task-relevant stimulus.
In sum, within a mathematical framework we simulated the effects of visual onsets and spatial attention on microsaccade dynamics and, most importantly, showed that the model behavior strongly resembles the activation of the SC during attention tasks (e.g., Ignashchenkova et al., 2004; McPeek & Keller, 2002) .
Conclusion
In a spatial cueing task with an endogenous cue we demonstrated that microsaccades align with two attentional mechanisms, namely (i) the shift of covert attention toward the cued target location and (ii) the selection of that part of the cue stimulus that is most informative about the target location. Importantly, the effect of cue localization was about four times stronger than the effect of covert shifting. These findings suggest that the strength of the link between microsaccades and cued attention shifts in previous studies was overestimated (e.g., Laubrock et al., 2010) . By implementing both attentional mechanism, the current dynamics of microsaccades could be simulated within an integrated model on fixational eye movements and microsaccades (Engbert, 2012; Engbert et al., 2011) . In sum, microsaccade statistics reflected the general role ascribed to the SC in spatial attention such as selecting stimuli that guide behavior (Lovejoy & Krauzlis, 2010; McPeek & Keller, 2004) , representing cued locations (Fecteau et al., 2004; Ignashchenkova et al., 2004) , and mediating the orienting response .
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